ABSTRACT Dopamine (DA) neuron excitability is regulated by inhibitory GABAergic synaptic transmission and modulated by nicotinic acetylcholine receptors (nAChRs). The aim of this study was to evaluate the role of α6 subunit-containing nAChRs (α6*-nAChRs) in acute ethanol effects on ventral tegmental area (VTA) GABA and DA neurons. α6*-nAChRs were visualized on GABA terminals on VTA GABA neurons, and α6*-nAChR transcripts were expressed in most DA neurons, but only a minority of VTA GABA neurons from GAD67 GFP mice. Low concentrations of ethanol (1-10 mM) enhanced GABA A receptor (GABA A R)-mediated spontaneous and evoked inhibition with blockade by selective α6*-nAChR antagonist α-conotoxins (α-Ctxs) and lowered sensitivity in α6 knock-out (KO) mice. Ethanol suppression of VTA GABA neuron firing rate in wild-type mice in vivo was significantly reduced in α6 KO mice. Ethanol (5-100 mM) had no effect on optically evoked GABA A R-mediated inhibition of DA neurons, and ethanol enhancement of VTA DA neuron firing rate at high concentrations was not affected by α-Ctxs. Ethanol conditioned place preference was reduced in α6 KO mice compared with wild-type controls. Taken together, these studies indicate that relatively low concentrations of ethanol act through α6*-nAChRs on GABA terminals to enhance GABA release onto VTA GABA neurons, in turn to reduce GABA neuron firing, which may lead to VTA DA neuron disinhibition, suggesting a possible mechanism of action of alcohol and nicotine co-abuse.
INTRODUCTION
Nicotine (NIC) has high affinity for nicotinic acetylcholine receptors (nAChRs). Activation and desensitization of nAChRs in the mesolimbic dopamine (DA) reward system may be crucial factors underlying the effects of NIC on DA neurons in the midbrain ventral tegmental area [VTA; (Mansvelder & McGehee 2000; Mansvelder, Keath, & McGehee 2002) ] that projects to limbic structures such as the nucleus accumbens (NAc) and prefrontal cortex (de Rover et al. 2002) . Neurons within the VTA express a wide variety of nAChRs (Wooltorton et al. 2003) , and NIC can activate both DA and γ-aminobutyric acid (GABA) neurons (Yin & French 2000; Mansvelder et al. 2002) via an increase in activation of specific nAChRs, although the majority of endogenous cholinergic inputs into the VTA appear to contact GABA rather than DA neurons (Garzon et al. 1999; Fiorillo & Williams 2000) . In addition to α4β2 and homomeric α7-nAChRs, there is considerable expression of heteromeric α6-containing nAChRs [α6*-nAChRs; asterisk (*) denotes α6 subunits combined with other nAChR subunits] in the VTA. α6*-nAChRs have been implicated in DA transmission and NIC dependence (Drenan et al. 2008; Exley et al. 2008; Pons et al. 2008; Jackson et al. 2009; Brunzell et al. 2010; Drenan et al. 2010; Gotti et al. 2010; Sanjakdar et al. 2015) . We have recently shown that α6*-nAChRs are located on GABA terminals on VTA DA neurons and that their activation by acetylcholine (ACh) enhances GABAergic synaptic inhibition to VTA DA neurons (Yang et al. 2011) .
There are known interactions between ethanol, NIC and nAChRs [for review, see Davis & de Fiebre (2006) ]. Superfusion of NIC and ethanol to brain slices produces synergistic effects on DA neuron firing rate, depending upon the dose level of each drug (Clark & Little 2004) . Synergistic effects are also seen on DA release in the NAc when low-dose ethanol and NIC are injected into the VTA (Tizabi et al. 2002) . Both NIC (David et al. 2006) and ethanol (Gatto et al. 1994; Nowak et al. 1998) are self-administered when infused into the VTA. Ethanol and NIC self-administration can be modulated by interfering with GABA neurotransmission into the VTA, as microinfusion of GABA A R agonists into the VTA reduces NIC self-administration (Corrigall et al. 2000) , while microinjection of GABA A R antagonists into the VTA reduces ethanol self-administration (Gatto et al. 1994; Nowak et al. 1998) . A possible target for interactive effects of NIC and ethanol is VTA GABA neurons. We have shown in multiple publications that VTA GABA neurons are inhibited by low to high doses (0.25-4.0 g/kg) of ethanol in vivo (Diana et al. 2003; Stobbs et al. 2004; Ludlow et al. 2009; Steffensen et al. 2009 Steffensen et al. , 2011 , and we have demonstrated more recently the sensitivity of these neurons to NIC (Taylor et al. 2013) . Here, we show that low-dose ethanol effects on GABA neurons in the VTA are mediated by α6*-nAChRs on GABA terminals.
MATERIALS AND METHODS

Animal subjects
Male wild-type (WT) C57BL/6 mice, α6 knock-out (KO) mice on the C57BL/6J background, CD-1 glutamate-decarboxylase-67 (GAD-67)-green fluorescent protein (GAD-67 GFP) knock-in mice (Tamamaki et al. 2003) , and mice hemizygous for vesicular GABA transporter (VGAT) channel rhodopsin-2 (ChR2) yellow fluorescent protein bacterial artificial chromosome transgene on the C57BL/6 background (Jackson Labs) were bred and cared for in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All experiments were performed between P28 and P45 except for the dissociated neuron studies, which were performed between 21 and 25 days. Mice were treated in strict accordance with the Brigham Young University, Barrow Research Institute and Arizona State University Animal Research Committee guidelines, which incorporate and exceed current NIH guidelines. Once weaned at PND 21, all mice were housed 4-5 per cage and given ad libitum access to solid food and water and placed on a reverse light/dark cycle with lights on from 0800 to 2000 hours.
Preparation of brain slices and characterization of VTA neurons
All brain slice preparations were performed in P28-to P45-day-old C57BL/6J, GAD-GFP knock-in mice or VGAT transgenic mice. Brains were extracted under isoflurane (5 percent) anesthesia. Brains were sectioned in ice-cold cutting solution (in mM: 220 sucrose, 3 KCl, 1.25 NaH 2 PO 4 , 25 NaH 2 CO 3 , 12 MgSO 4 , 10 glucose, 0.2 CaCl 2 , and 0.4 ketamine) infused with 95 percent O 2 /5 percent CO 2 . Horizontal slices (targeting the VTA) were sectioned 210 μM thick and were placed in an incubation chamber containing artificial cerebral spinal fluid (ACSF; in mM: 124 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 12 glucose, 1.5 MgSO 4 , 2 CaCl 2 ) infused with 95 percent O 2 / 5 percent CO 2 for at least 30 minutes. Brain slices were placed in a recording tissue chamber with ACSF continuously flowing at 36°C.
The GABA neurons in the VTA of brain slices were studied by visualizing GAD-67 + neurons in GAD-67 GFP mice as reported previously (Steffensen et al. 2011; Allison et al. 2011) . VTA neurons were further characterized using a GABA spike command waveform (spikes at 200 Hz for 500 milliseconds), as GABA neurons will follow the spike command waveform with fidelity, while DA neurons will not (Steffensen et al. 2008) . Neurons that did not fluoresce in GAD-67 GFP mice and/or exhibit a non-cation specific inward rectifying current (I h ) with low input resistance in C57BL/6 mice (e.g., VGAT :: ChR2 mice) and did not follow the spike command waveform were assumed to be non-GABA putative DA neurons (Johnson & North 1992; Allison et al. 2006 Allison et al. , 2011 Margolis et al. 2006; Steffensen et al. 2011) . Light stimulation in VGAT :: ChR2 transgenic mice was accomplished by focusing blue light from an LED illuminator (TLED; Sutter Instruments; 1-200 milliseconds pulse widths) on the slice through a 40× objective in Nikon microscopes. Optically evoked inhibitory postsynaptic currents (oIPSCs) were induced in putative VTA DA neurons, and the stimulus intensity of the light was adjusted to obtain 50 percent maximum amplitude before initiating pharmacological experiments. Cells were acutely dissociated from the VTA of GAD-67 GFP mice following procedures as previously described (Wu et al. 2004; Yang et al. 2009a,b) . Briefly, mice were anesthetized with isoflurane, and brain tissue was rapidly removed and immersed in cold (2-4°C) ACSF. From each mouse, two 400 μm coronal slices containing the VTA were cut using a vibratome (Vibratome 1000 Plus, St. Louis, MO, USA). After cutting, the slices were continuously bubbled with 95 percent O 2 /5 percent CO 2 at room temperature (22 ± 1°C) for at least 1 hour in ACSF. Thereafter, the slices were treated with papain (6 mg/ml, Sigma-Aldrich) at 33°C for 60 minutes in ACSF. After enzyme treatment, the slices were washed and transferred back to well-oxygenated ACSF. The VTA was first identified using a stereomicroscope and then micro-punched out from the slices using a well-polished needle (0.5 mm diameter). Each punched piece was then separately transferred to a 35 mm culture dish filled with well-oxygenated standard extracellular solution, which contained (in mM) 150 NaCl, 5 KCl, 1 MgCl 2 , 2 CaCl 2 , 10 glucose, and 10 HEPES; pH 7.4 (with Tris-base). Each punched piece was then dissociated mechanically using a fire-polished micro-Pasteur pipette visualized under an inverted microscope (Olympus IX-70, Lake Success, NY, USA). The separated cells adhered to the bottom of the culture dish within 30 minutes. We recorded only VTA neurons that were GFP + .
Voltage-clamp recordings
For whole-cell recordings in brain slices, electrodes were pulled from borosilicate glass capillary tubes (1.5 mm o.d.; A-M Systems, Sequim, WA, USA) and filled with KCl pipette solutions (in mM: 128 KCl, 20 NaCl, 0.3 CaCl 2, 1.2 MgCl 2 , 10 HEPES, 1 EGTA, 2 Mg-ATP, 0.25 Na-GTP and 5 QX-314; pH 7.3) for electrically evoked IPSC (eIPSC) and oIPSC studies. Pipettes having tip resistances of 2.5-5 MΩ, and series resistances typically ranging from 7 to 15 MΩ were used. Voltage-clamp recordings were filtered at 2 kHz with an Axon Instruments Multiclamp 700B amplifier and digitized at 5 kHz using Axon 1440A digitizers. AXON INSTRUMENTS PCLAMP ver10, MINI ANALYSIS (Synaptsoft, Decatur, GA, USA) and IGOR PRO (Wavemetrics, Oswego, OR, USA) software packages were utilized for data collection and analysis. Evoked IPSCs were recorded in the presence of 50 μM APV and 30 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) or 3 mM kynurenic acid to block N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) excitatory glutamate (GLU)-mediated synaptic currents and to isolate GABA A R-mediated synaptic currents. For perforated patch-clamp whole-cell recordings in dissociated neurons, a previously reported method was employed (Wu et al. 2004; Yang, Jin, & Wu 2009b) . GFP-producing cells and adherent VGATpositive boutons (blue and yellow arrows) were mechanically dissociated from the VTA of embryonic mice (Deng et al. 2009; Xiao et al. 2009; Yang et al. 2011) expressing GAD-67 GFP. Rapid application of drugs was performed using a computer-controlled 'U-tube' system that allowed for complete exchange of solution surrounding the recorded cell within 30 milliseconds.
Single-cell quantitative RT-PCR
To examine nAChR subunits, GFP + neurons from the VTA, NAc and rostro-medial tegmental nucleus (RMTg) and GFP-negative putative DA neurons from the VTA were aspirated under visual observation by application of suction using a 10 ml syringe attached to the recording pipette and were then added to a reverse transcription (RT) reaction mixture as described previously (Merrill et al. 2012) . Quantitative real-time PCR (qRT-PCR) using gene-specific primers with FAM-TAMRA TaqMan ® probes (Applied Biosystems, Foster City, CA) for the nAChR subunits α4, β2 and α6, as well as TH and 18s rRNA, was performed using the iQ Supermix (Bio-Rad, Hercules, CA) with a CFX-96 Real-Time System (Bio-Rad). Primers sequences for each target were as follows (forward primer, reverse primer and probe): α4, TGGTCCTTGTC CGCTTTG, CGTCATCATCTGGTTTTTCTCATC, CTTGTC GATTGCTCAGCTCATTGATGT; β2, GGAAGCTGTGGACG GTGTAC, CCCTCACACTCTGGTCATCATC, TCATTGCGG ACCATATGCGAAGTG; α6, TCACGGTGCATTTTGAATTG, GGTCTCCATAATCTGGTTGACTTC, CAATCACGCAACTG GCCAATGTG; TH, GGACAAGCTCAGGAACTATGC, GGTGTACGGGTCAAACTTCAC, TCTCGTATCCAGCGCC CATTCTC; and 18s GTGCATGGCCGTTCTTAGTTG, GCCACTTGTCCCTCTAAGAAGTTG, TGGAGCGATTTGTC TGGTTAATTCCGATAAC. Samples were amplified in triplicate, together with a negative control for each subunit (an ACSF-only aspiration was taken from the brain slice recording chamber). The amplification protocol was 95°C for 3 minutes, then 50 cycles of 95°C for 15 seconds, 57°C for 20 seconds and 72°C for 25 seconds. Cycle threshold (C t ) values were calculated using CFX Manager software (Bio-Rad). The 18S was a standard housekeeping control gene, which in this case ensured successful harvesting of the cell, as we used it to determine presence or absence of nAChR subtypes rather than their relative expresson. 18S from cells was also compared with ACSF controls to ensure background levels of nAChR targets were significantly greater within cells than background to avoid any false positives. Any false positives were excluded. Amplification products from each sample were verified by gel electrophoresis using 4 percent agarose gels.
Immunofluorescence and alpha conotoxin MII binding
The immunohistochemistry and fluorescence imaging of GABAergic synaptic buotons on dissociated GABA neurons was similar to what we reported previously in DA neurons (Yang et al. 2011) . Cells were probed overnight α6*-nAChRs and alcohol rewardwith 5 μg/ml rabbit VGAT (Millipore, Darmstadt, Germany) with 405, 488 and 635 nm lasers, respectively, and images were captured using a 63× oil objective and a zoom factor of 1.5. Laser intensity, gain, pinhole size and offset remained constant for each color channel in order to confirm primary antibody labeling specificity and blockade of biotinylated α-Ctx MII binding by excess non-biotinylated α-Ctx MII.
Conditioned place preference
The conditioned place preference (CPP) apparatus (Med Associates, St. Albans, VT, USA) consisted of two adjacent conditioning compartments (20 × 16 × 21 cm) separated by a manual guillotine-type door. One of the compartments was equipped with vertical striped acrylic walls and a steel mesh floor; the other was equipped with plain acrylic walls and a wire rod floor. Infrared photobeams monitored the animal's position in the apparatus and provided a measure of motor activity. First, animals were habituated to the testing apparatus during a single 20 minute session with free access to both conditioning compartments. Animals were then subjected to two 20 minute pre-conditioning tests in order to determine any initial preference for one of the conditioning compartments. Each animal was then assigned ethanol (0.1-2.0 g/kg IP) in the nonpreferred compartment, and an equivalent volume of saline in the preferred compartment. The animals underwent 20 minute conditioning sessions twice daily. Saline conditioning sessions were conducted in the morning and ethanol conditioning sessions were conducted in the afternoon. Following four sequential conditioning days, animals were tested for place preference the next morning by allowing free access to both conditioning compartments for 20 minutes.
Drug preparation and administration
Conotoxins were synthesized as previously described (Dowell et al. 2003; McIntosh et al. 2004) . CNQX, DL-2-amino-5-phosphonopentanoic acid (APV) and CGP55845 were obtained from Abcam, and kynurenic acid, atropine and eticlopride were obtained from Sigma-Aldrich and dissolved in water or ACSF. Six concentrations of ethanol were studied (1, 5, 10, 30, 50 and 100 mM). In most experiments, only one concentration of ethanol per slice was applied. In some experiments, CGP55845, atropine, and eticlopride was added to kynurenic acid/APV + CNQX to rule out GABA B R, D2R and cholinergic muscarinic effects.
Statistical analyses
All results were presented as raw mean values and percent control ± SEM. Parametric measures within groups (e.g., drug effects) were compared using a twotailed 
RESULTS
α6*-nAChRs are expressed on GABAergic boutons on GABAergic neurons
We have previously demonstrated that GABA terminals on DA neurons in the VTA express α6*-nAChRs (Yang et al. 2011) . In order to characterize the subtypes of nAChRs that modulate GABA release onto GABAergic VTA neurons, binding experiments were performed on dissociated GFP-producing neurons from GAD-67 GFP mice using biotinylated α-Ctx MII, an antagonist selective for α6-containing and α3β2-containing nAChRs (Fig. 1a) . Cy5 (red) fluorescence indicated binding of α-Ctx MII on VGAT-positive boutons (red and yellow arrows), implying that GABA release onto GABAergic cells may be affected by α6-containing nAChR modulation. Nineteen cells were imaged from three GAD-67 GFP mice. All 19 GAD-67 + neurons showed biotinylated MII + labeling on VGAT + terminals. To determine the molecular signature of nAChRs in VTA neurons, we evaluated the expression of select nAChR subunits using single-cell qRT-PCR. VTA GABA neurons in GAD-67 GFP mice were positively identified by their Figure 1 GAD-67 and α-conotoxin (Ctx) MII-labeled α6*-nAChRs are co-expressed on presynaptic terminals attached to GAD-67-producing cells in the mouse VTA. (a) The four confocal images show two representative dissociated VTA GABA neurons from a GAD-67 GFP mouse evincing diffuse GFP labeling (green), as well as dense GFP labeling at putative boutons. Biotin α-Ctx MII labeling (red; Cy5) in the same neurons shows α6*nAChRs co-expressed on presynaptic terminals attached to GAD-67-producing cells. VGAT labeling (blue; Alexa Fluor ® 405) on the same neurons shows punctate boutons on VTA GABA neurons. The merge shows α6*-nAChRs on GABA boutons attached to VTA GABA neurons. Scale bar represents 10 μm. (b) Single-cell, quantitative real-time PCR (qRT-PCR) was used to examine nAChR subunit expression in VTA GABA neurons (GFP + , TH À ). Relative fluorescence acquired using an FAM-TAMRA hydrolysis probe is a measure of cDNA quantity for each nAChR target relative to PCR cycle number. 18S is used as a control housekeeping gene. Inset: This agarose gel illustrates the expected cDNA amplicon size for α6 (71 base pairs) taken from the PCR reaction, compared with the 50 base pair ladder (left lane). This representative VTA GABA neuron from a GAD-67 GFP mouse expressed α6, α4 and β2 nAChR subunit mRNA. (c) This representative VTA DA neuron from a GAD-67 GFP mouse expressed α6 and β2, but not α4 subunit mRNA. It is important to point out that as single-cell PCR has some level of false negatives, actual expression levels are likely higher than reported. Therefore,~45 percent expression in GABA cells and~55-65 percent in DA cells suggests that α4 and β2 are likely present in the vast majority of DA cells and most of the GABA cells, even though it may not be detected in every neuron. (d) Summary of nAChR mRNA expression in VTA GABA and DA neurons evaluated for singlecell qRT-PCR. α6*-nAChR subunit mRNA was expressed in~10 percent of GABA neurons and 45 percent of DA neurons, while α4 and β2 mRNA were expressed in~50 percent of VTA neurons. These data support the expression of α6*-nAChRs in a subpopulation of midbrain GABA neurons α6*-nAChRs and alcohol rewardexpression of GFP and positive response to a GABA spike voltage command waveform [spikes at 200 Hz for 500 milliseconds; (Steffensen et al. 2008) ]. VTA GABA neurons followed the spike command waveform with fidelity, while DA neurons did not. VTA DA neurons were also identified by their lack of GFP expression. We evaluated the expression of α4, β2 and α6 nAChR mRNA transcripts as well as the housekeeping gene 18S and tyrosine hydroxylase (TH) in 63 VTA neurons from nine GAD-67 GFP mice. All GABA neurons in the VTA were TH negative, and all putative DA neurons included were TH + . α4 and β2 subunits were expressed in approximately 50-65 percent of VTA GABA (Fig. 1b) and DA (Fig. 1c) neurons. About two-thirds of DA neurons expressed α6*-nAChRs while only 10 percent of GABA neurons expressed α6*-nAChRs ( Fig. 1d ; expressed at percent of total cells of each type). In order to determine other GABA neurons that might be providing GABA input to VTA GABA neurons (Fig. 1a) , we evaluated the expression of α6*-nAChRs in NAc and RMTg GABA neurons in GAD GFP mice because of their well-known GABA projections to the VTA. Only 7 percent of NAc neurons and 10 percent of RMTg neurons expressed α6*-nAChR transcripts (data not shown). Thus, at least a subpopulation of GABA cells, and most DA neurons in the VTA, express α6*-nAChRs, and either local circuit GABA neurons in the VTA, or projection neurons from the NAc or RMTg, could provide the α6*-nAChRs at GABA terminals on VTA GABA neurons (Fig. 1a) .
Electrophysiological studies on the role of α6*-nAChRs in acute ethanol effects on GABA neurons in the VTA
We evaluated the effects of α6*-nAChR antagonist α-conotoxins on ethanol effects on GABA A R-mediated inhibitory synaptic responses in dissociated GAD-67 + neurons of the VTA (Fig. 2a) . In order to isolate GABA A R-mediated response and nAChR involvement, the GABA B R antagonist CGP55845 (10 μM) and the muscarinic ACh antagonist atropine (10 μM) were included in the superfusate. We also superfused the GABA A R antagonist bicuculline (10 μM) at the end of most experiments to confirm that the mIPSCs were mediated by GABA (Fig. 2b) . Similar to what has been reported previously in dissociated DA neurons (Yang et al. 2011) , dissociated VTA GABA neurons from GAD-67 GFP mice evinced mIPSCs, a result of functional spontaneous input from synaptic boutons preserved in the mechanical dissociation. Ethanol significantly enhanced the frequency of GABA mIPSCs at all ethanol concentration levels (Fig. 2c,d & f; 1 mM: t (1,10) = 2.74, p = 0.02; 5 mM: t (1,9) = 2.9, p = 0.02; 30 mM: t (1,7) = 3.6, p = 0.008; and 60 mM: t (1,6) = 3.8, p = 0.008) and amplitude at the 5, 30 and 60 mM ethanol levels (Fig. 2c , e & g; 5 mM: t (1,9) = 2.5, p = 0.03; 30 mM: t (1,7) = 2.6, p = 0.04; and 60 mM: t (1,6) = 2.9, p = 0.03) compared with baseline. In a separate experiment, there was an overall involvement of α6*-nAChRs in ethanol effects on mIPSC frequency (F (1,30) = 4.2, p = 0.01) and amplitude (F (1,30) = 3.1, p = 0.03) in VTA GABA neurons at the 30-mM ethanol dose level (Fig. 2h & i) . Post-hoc tests revealed that there was a significant difference between ethanol alone and ethanol in the presence of the α-Ctx PIA for both mIPSC frequency (q = 5.48; Fig. 2h ) and amplitude (q = 4.3; Fig. 2i ), as well as between ethanol in WT mice versus ethanol in α6 KO mice for both mIPSC frequency (q = 3.5; Fig. 2h ) and amplitude (q = 3.4; Fig. 2i ).
In order to further evaluate ethanol's effects on GABA A R-mediated synaptic responses and the role of α6*-nAChRs, we performed electrically evoked eIPSC studies in brain slices. At the 50 percent maximum stimulus level, eIPSCs were 357.9 ± 47.2 pA (n = 38). Ethanol (1-100 mM) had concentrationdependent effects on eIPSCs (Fig. 3) . Low concentrations of ethanol (1 and 5 mM) consistently enhanced VTA GABA neuron eIPSC amplitudes ( Fig. 3a & c; 1 mM: t (1,10) = 6.65, p = 0.02, n = 7; 5 mM: F (1,31) = 17.2, p = 0.0002, n = 16), while higher concentrations (50 and 100 mM) significantly decreased eIPSC amplitudes ( Fig. 3c ; 50 mM: F (1,11) = 7.95, p = 0.02, n = 6; and 100 mM: F (1,11) = 8.04, p = 0.02, n = 6). Superfusion of 100 nM of the α-Ctx MII slightly (15.8 ± 4.9 percent), but not significantly (F (1,25) = 8.95, p = 0.32, n = 13), decreased VTA GABA neuron eIPSC amplitudes, but blocked eIPSC enhancement by ethanol at lower concentrations (Fig. 3b  & c) , as well as eIPSC reduction by ethanol at higher concentrations ( Fig. 3c ; 1 mM: F (1,11) = 0.16, p = 0.691, n = 6; 5 mM; F (1,25) = 0.04, p = 0.84, n = 13; and 100 mM; F (1,9) = 0.90, p = 0.379, n = 5). Evoked IPSCs in VTA GABA neurons were not consistently modulated by conditioned stimulation at any interstimulus interval ( Fig. 3a & b ; mean pairedpulse ratio = 0.99 ± 0.04 at 50 milliseconds). Ethanol did not significantly alter eIPSC paired-pulse ratio at any concentration (e.g., 5 mM: F (1,31) = 1.06, p = 0.32, n = 16). To further evaluate the locus of ethanol and MII effects on eIPSCs, a CV analysis was performed on eIPSCs in VTA GABA neurons at the 5 mM ethanol level, the most significant level for ethanol effects (with block by MII). There was no significant effect of ethanol on eIPSC CV (baseline = 0.34 ± 0.1 versus ethanol = 0.36 ± 0.11; z = 0.46, p = 0.65; data not shown) or ethanol versus MII + ethanol (z = À0.86, p = 0.39). However, there was a significant increase in CV between baseline and MII (z = À2.667, Figure 2 Ethanol enhances mIPSC frequency and amplitude in VTA GABA neurons. (a) Images show an acutely dissociated VTA neuron from a GAD-67 GFP mouse using phase-contrast (Aa) and GPF-filtered (Ab) microscopic modes of illumination. (b) A typical trace shows spontaneous mIPSCs (in the presence of 0.5-μM TTX). They were sensitive to a selective GABA(A)R blocker bicuculline indicating that they were mediated by GABA. (c) Bath exposure of 5-mM ethanol increased the frequency of GABA mIPSCs. Further analysis revealed that 5-mM ethanol increases the frequency (d) and the amplitude (e) of spontaneous mIPSCs. (f, g) Ethanol enhanced GABA mIPSC frequency to VTA GABA neurons at all concentrations tested and amplitude at 5, 30 and 60 mM ethanol. Pre-treatment with the α-Ctx P1A (10 nM) prevented the ethanolinduced (30 mM) increase in mIPSC frequency (h) and amplitude (i) in WT mice. Similarly, 30-mM ethanol did not affect mIPSC frequency and amplitude in α6 KO mice. Vertical bars represent mean ± SEM. Asterisks * and ** indicate significance levels P < 0.05 and 0.01, respectively. Values in parentheses represent n values α6*-nAChRs and alcohol reward 1085 p = 0.008), providing additional support to the mIPSC data for a presynaptic locus for MII actions at α6*-nAChRs.
We have previously demonstrated in multiple reports that ethanol inhibits the firing rate of VTA GABA neurons in rats (IC 50 = 1.0 g/kg) and mice (IC 50 = 0.25 g/kg) at physiologically relevant (e.g., intoxicating and rewarding) levels in vivo (Diana et al. 2003; Stobbs et al. 2004; Ludlow et al. 2009; Steffensen et al. 2009 Steffensen et al. , 2011 . We evaluated the role of α6*-nAChRs in ethanol inhibition of VTA GABA neuron firing rate. In WT mice, intraperitoneal (IP) administration of 1.5 g/kg ethanol inhibited the firing rate of VTA GABA neurons 81.1 ± 5.0 percent within 10-30 minutes (Fig. 4a & d) , as we have previously reported in mice (Steffensen et al. 2011) . A dose of 1.5 g/kg ethanol was chosen based on IC 50 doseresponse studies previously obtained in WT mice (Steffensen et al. 2011 ). Alpha-6 KO mice exhibited significantly slower baseline firing rates (8.9 ± 1.4 Hz versus 31.2 ± 6.3 Hz; t (1,11) = 3.7, p = 0.004; n = 10 each) than WT mice (Fig. 4c ) and with less sensitivity to ethanol (Fig. 4b & d) ). There was a significant difference in ethanol effects between α6 KO mice versus WT controls (27.7 ± 43.5 percent increase versus 81.1 ± 5.0 percent decrease; F (1,21) = 6.2, p = 0.02; n = 10 each; Fig. 4d ).
Electrophysiological studies on the role of α6*-nAChRs in acute ethanol effects on dopamine neurons in the VTA Using VGAT :: ChR2 transgenic mice on a C57BL/6 background, we were able to selectively activate GABA IPSCs in VTA DA neurons without using pharmacological blockers (Fig. 5) . In cell-attached, voltage-clamp mode VTA GABA neuron spikes in VGAT :: ChR2 mice were activated by optical stimulation (200 millisecond duration; Fig. 5a ), while VTA DA neuron spikes were inhibited (Fig. 5b) . In whole-cell, voltage-clamp mode VTA GABA neurons in VGAT :: ChR2 mice were characterized by large, fast depolarizing currents with optical stimulation, while DA neurons were characterized by oIPSCs (Fig. 5c) . The threshold for evoking oIPSCs in VTA DA neurons was 1.0 millisecond duration at maximum stimulation intensity, while 5.0 millisecond duration evoked oIPSCs with a good dynamic light intensity range focused through the 40× objective. The mean amplitude (50 percent maximum stimulus level) of oIPSCs in DA neurons in VGAT :: ChR2 mice was 611.3 ± 76.0 pA (n = 38). Light stimulation has no effect in VGAT :: ChR2-negative WT littermates from heterozygous crosses, even across stimulation durations 0.5-500 milliseconds (n = 8; data not shown), indicating that blue light had no effect on DA neurons. Optically evoked IPSCs in DA neurons were markedly reduced, if not abolished, in most DA neurons by the GABA A R antagonist bicuculline (50 μM; Fig. 5d ; t (1,17) = 147, p = 7.5E-28). However, there was a residual oIPSC in some DA neurons. As DA neurons are known to exhibit D2R-mediated IPSCs, and DA is now known to be co-released with GABA in the NAc (Tritsch et al. 2014; Berrios et al. 2016; Tritsch, Granger, & Sabatini 2016) , we evaluated the effects of the D2R antagonist eticlopride (0.01-0.1 μM) on oIPSCs and found that they were significantly reduced in DA neurons at the 0.1 μM level ( Fig. 5d ; t (1,11) = 4.2, p = 0.01). Thus, all experiments with ethanol on oIPSCs in DA neurons were performed in its presence, and combined eticlopride and bicuculline superfusion always abolished oIPSCs. Ethanol (10-100 mM) had no overall effect on DA neuron GABA A R-mediated oIPSC amplitudes (F (3,62) = 0.485, p = 0.69; Fig. 5e ) or area under the curve (F (3,29) = 0.56, p = 0.58; Fig. 5e ) or significant effects at any ethanol concentration.
In order to further link the changes we found in VTA GABA neurons to DA neurons, we evaluated the effects of ethanol on VTA DA neuron activity in the slice preparation and examined the role of α6*-nAChRs. We performed cell-attached, voltage-clamp firing rate studies on VTA DA neurons in the slice preparation from GAD-67 GFP mice in the presence of eticlopride for reasons described previously. Only high concentrations (50 mM: F (1,15) = 4.91, p = 0.04, n = 11; and 100 mM: F (1,7) = 9.98, p = 0.02, n = 11) increased DA neuron firing rate (Fig. 6a & c) , as reported by others (Brodie, Shefner, & Dunwiddie 1990; Brodie, Pesold, & Appel 1999; Xiao et al. 2007 ). Superfusion of α-Ctx MII did not prevent the increase in firing rate by ethanol (50 mM: F (1,7) = 6.39, p = 0.04, n = 5; and 100 mM: F (1,8) = 5.84, p = 0.04, n = 5; Fig. 6b & c) .
Behavioral studies on the role of α6*-nAChRs in acute ethanol effects: conditioned place preference and locomotor activity
We evaluated WT and α6 KO mice in the CPP procedure to determine the role of α6*-nAChR in ethanol reward. We determined the difference in time spent on the ethanol-paired side in the CPP procedure before and after conditioning. We first compared difference scores between saline versus ethanol in WT mice at three separate IP doses: 0.1, 0.5 and 2.0 g/kg (Fig. 7a) . A significant ethanol CPP was found in WT mice at 0.1 g/kg (F (1,19) = 6.6, p = 0.02; n = 10), 0.5 g/kg (F (1, 20) = 18.3, p = 0.0004; n = 11) and 2.0 g/kg dose levels (F (1,26) = 28.8, p = 1.46E-05; n = 17) compared with saline, as we have previously reported (McGeehan & Olive 2003a,b) . ANOVA with Tukey's post-hoc test Figure 4 A role for α6*-nAChRs in ethanol effects on VTA GABA neuron firing rate in vivo and in the slice preparation ex vivo. For in vivo studies, VTA GABA neurons were identified by stereotaxic coordinates and by spontaneous electrophysiological criteria under isoflurane anesthesia (Steffensen et al. 1998) . These included in mice: relatively fast firing rate (>10 Hz); ON-OFF phasic non-bursting activity under isoflurane anesthesia; spike duration less than 200 microseconds; and activation by generalized sensory stimulation (Ludlow et al. 2009; Steffensen et al. 2011) . In some experiments, multiple spike discharges were evoked in putative GABA neurons by electrical stimulation of the internal capsule, as previously reported (Steffensen et al. 1998) . (a) This ratemeter record shows that intraperitoneal administration of 1.5 g/kg ethanol inhibited the firing rate of this representative VTA GABA neuron in an isoflurane-anesthetized WT mouse. The baseline firing rate of this neuron was approximately 5 Hz. (b) This ratemeter record shows that intraperitoneal administration of 1.5 g/kg ethanol increased the firing rate of this representative VTA GABA neuron recorded in a α6 KO mouse. The baseline firing rate for this neuron was 4 Hz. This example was chosen to match the firing rate of the example in (a). (c) However, on average, VTA GABA neurons were characterized by significantly faster firing rates than those recorded in α6 KO mice. Horizontal bar denotes mean. (d) Knock-out mice were resistant to the typical inhibition of firing rate in WTs by this dose of ethanol. In fact, they were slightly excited on average. Vertical bars represent mean ± SEM. Asterisk * indicates significance level P < 0.05. Values in parentheses represent n values α6*-nAChRs and alcohol rewardrevealed that WT mice tested at the 2.0 g/kg ethanol dose evinced a higher preference for the ethanol-paired compartment than α6 KO mice at this dose level (F (1,22) = 11.7, p = 0.003; n = 6), but not at the 0.1 or 0.5 g/kg dose levels. ANOVA with Tukey's post-hoc test also revealed a significant difference in locomotor activity for WT versus KO mice during the 20 minute conditioning sessions at the 2 g/kg dose level (F (3,30) = 13.41, p < 0.0001). Locomotor activity was significantly reduced by ethanol during the 20-minute conditioning sessions at the 2 g/kg ethanol dose level in both WTs (p < 0.001; Fig. 7b ) and KOs (p < 0.01; Fig. 7b ) compared with saline conditioning. However, there was no significant difference in locomotor activity for WT versus KO mice during conditioning sessions with saline or ethanol (p > 0.05).
DISCUSSION
While α6*-nAChRs have relatively limited expression in the brain, they are markedly expressed in the VTA. In fact, they are expressed 16× more than any other nAChR subunit in the VTA (Yang et al. 2009a) . One purpose of our study was to evaluate the role of α6*-nAChRs in ethanol modulation of VTA neuron excitability and reward. Our study differed significantly from previous studies. Mainly, the primary focus of this study was VTA GABA neurons, which are believed to be local circuit regulators the presence of eticlopride, ethanol (10-100 mM) had no effect on oIPSC amplitudes or area under the curve in DA neurons. Vertical bars represent mean ± SEM. Asterisks ** and *** indicate significance levels P < 0.01 and P < 0.001, respectively. Values in parentheses represent n values of DA neuron excitability, as well as DA release at terminals in the NAc (van Zessen et al. 2012) . Thus, modulation of GABA inhibition of GABA neurons by α6*-nAChRs may be an important regulator of GABA neuron excitability, which ultimately will govern DA neurotransmission.
Our immunohistochemical and mRNA expression experiments demonstrate that α6*-nAChRs are expressed in a subpopulation of GABA neurons from regions known to innervate both VTA GABA and DA neurons (i.e., NAc and RMTg) including VTA GABA neurons themselves and are expressed in most DA neurons and on GABA terminals to VTA GABA neurons, as well as DA neurons, as we have reported previously (Yang et al. 2011) . Regarding nAChR subunit expression, while it has been reported that α4 and β2 are widely expressed in VTA DA cells and among some populations of VTA GABA cells (Charpantier et al. 1998; Klink et al. 2001; Azam et al. 2002) , data regarding α6*-nAChRs are less clear. Two reports suggest α6*-nAChRs are absent in VTA GABA neurons (Drenan et al. 2008; Mackey et al. 2012) . However, in one of these studies, immunohistochemistry was not quantitatively analyzed nor illustrated at the cell level, although occasional TH negative/α6*-nAChRs appear to be present in a low magnification image (Drenan et al. 2008; Mackey et al. 2012) . Importantly, Drenan et al. noted α6-induced electrophysiological responses in one of five VTA GABA cells recorded, suggesting α6*-nAChRs are only expressed in a subset of VTA GABA cells, a similar proportion noted in this study supporting our findings.
Activation of α6*-nAChRs on GABA terminals enhances release of GABA, similar to how activation of α7*-nAChRs enhances the release of GLU (Taylor et al. 2013) . Given our histochemical and molecular findings that α6*-nAChRs were localized to GABA terminals on VTA GABA neurons, we evaluated the involvement of α6*-nAChRs in mediating ethanol effects on GABAergic synaptic transmission to dissociated VTA neurons and VTA neurons in the slice preparation. Spontaneous mIPSC frequency and amplitude in dissociated VTA GABA neurons were enhanced by extraordinarily low concentrations of ethanol (1-10 mM). The increase in mIPSC frequency by ethanol was blocked by α6*-nAChR antagonists in WT mice and was absent in α6 KO mice. An enhancement in mIPSC amplitude indicated that ethanol also had a postsynaptic effect on VTA GABA neurons. Future studies will address the postsynaptic effect. Regardless, ethanol appears to be enhancing inhibition to VTA GABA neurons by enhancing presynaptic GABA release to VTA GABA neurons via α6*-nAChRs. The enhancement in GABA A R-mediated inhibition by ethanol is sufficient to reduce VTA GABA neuron firing rate.
While studies in dissociated neurons support a link between α6*-nAChRs and ethanol in the VTA, in order to strengthen the physiological relevancy, we studied the effects of ethanol on GABA A R-mediated synaptic transmission in VTA neurons in the slice preparation. Consistent with studies in dissociated neurons, we found that low concentrations of ethanol (1 and 5 mM) enhanced, and high concentrations (50 and Figure 6 Lack of a role for α6*-nAChRs in ethanol enhancement of VTA DA neuron firing rate in the slice preparation. Using cellattached mode, spontaneous spike activity was measured in horizontal slices of GAD-67 GFP mice in the presence of eticlopride. Only one neuron/slice was tested for each of the concentrations of ethanol unless indicated. Insets a and b are representative 5-second recordings of separate VTA DA neuron spikes recorded in GAD-67 GFP mice at the times indicated on each of the ratemeter graphs. (a) Superfusion of 100-mM ethanol enhanced the firing rate of this representative VTA DA neuron recorded in a GAD-67 GFP mouse. (b) In a neuron from a separate slice, superfusion of 100-nM α-Ctx MII had no effect on 100-mM ethanol enhancement of the firing rate of this representative DA neuron. (c) Summary of the effects of MII on ethanol effects across ethanol concentrations 5-100 mM. MII had no significant effects on ethanol enhancement of VTA DA neuron firing rate α6*-nAChRs and alcohol reward100 mM) decreased, eIPSC amplitudes recorded in VTA GABA neurons. Both enhancement and reduction of eIPSCs was blocked by α-Ctxs, providing further support that presynaptic α6*-nAChRs on GABA terminals modulate GABA release, which is sensitive to ethanol. A molecular target for direct ethanol actions on the α6*-nAChR has not been elucidated. However, using site-directed mutagenesis and recombinant expression systems, we are currently evaluating this possibility. Ethanol enhancement of eIPSCs at low-dose levels is consistent with our previous reports that ethanol reduces the firing rate of VTA GABA neurons. In order to increase our understanding of the role α6*-nAChRs might play in acute ethanol effects on the mesolimbic DA reward system, we evaluated its effects on the firing rate of VTA GABA neurons in vivo and ex vivo. Interestingly, the baseline firing rate of VTA GABA neurons in α6 KO mice was only one-third as fast as those in WT mice, suggesting that α6*-nAChRs influence excitatory tone to VTA GABA neurons. α6 KO mice were relatively insensitive to ethanol inhibition of their firing rate, suggesting the involvement of α6*-nAChRs.
In order to link the changes we found in VTA GABA neurons to DA neurons, we evaluated the effects of ethanol on VTA DA neuron GABA A R-mediated inhibitory synaptic responses and firing rate in the slice preparation. Ethanol had no effect on GABA A R-mediated IPSC amplitudes or area under the curve recorded in DA neurons that were selectively activated by optical stimulation in VGAT :: ChR2 mice, providing further support to our hypothesis that VTA GABA neurons are the most sensitive substrate for ethanol, especially at low concentrations. Others have shown that ethanol enhances VTA DA neuron firing rate at high concentrations in the slice preparation (Brodie et al. 1990 (Brodie et al. , 1999 Xiao et al. 2007 ), which we confirmed. However, ethanol enhancement of DA neuron activity was unaffected by MII Ctxs, suggesting the lack of involvement of α6*-nAChRs in high-dose ethanol effects on DA neurons. These findings in VTA neurons provide compelling evidence that enhancement in GABA release by low-dose ethanol reduces VTA GABA neuron firing rate and that ethanol enhancement of inhibition is mediated presynaptically via α6*-nAChRs on GABA terminals to VTA GABA neurons, and not DA neurons. It has been demonstrated by us (Allison et al. 2011) and others (Tan et al. 2010 ) that the local circuit inhibitory drive to GABA neurons exceeds that of DA neurons. Ethanol inhibition of VTA GABA neurons appears to be mediated through local circuit GABA neurons, perhaps because of the stronger inhibitory synaptic drive from other GABA neurons in the VTA. Although we have shown previously that α6*-nAChRs are located on GABA terminals to putative VTA DA neurons (Yang et al. 2011) , we speculate that only α6*-nAChRs on GABA terminals to VTA GABA neurons are sensitive to ethanol, resulting in enhanced GABAergic tone to VTA GABA neurons, which explains why VTA GABA neuron firing rate is lowered in vivo and ex vivo by low-dose ethanol. Future studies will address differences in α6*-nAChRs on VTA GABA versus DA neurons and their inhibitory inputs that express α6*-nAChRs. Regardless, lowering of VTA GABA neuron activity would ultimately disinhibit DA neuron activity and/or release at terminals, which is consistent with the dogma that ethanol's rewarding effects are mediated through enhancement of DA transmission. However, ethanol has no effect on GABA A R-mediated inhibition of VTA DA neurons and firing rate at the low doses that enhanced GABA A R-mediated inhibition to Locomotor activity in WT and KO mice was inhibited similarly by ethanol during the 20-minute conditioning sessions compared with saline at the 2.0 g/kg dose level. Asterisks *, ** and *** indicate significance levels P < 0.05, P < 0.01 and P < 0.001, respectively, compared with saline, and ## indicate significance level P < 0.01 between WT and KO mice at the 2.0 g/kg level. Values in parentheses represent n values VTA GABA neurons and lowered their firing rate. We can only speculate that other GABA inputs from the RMTg, NAc or ventral pallidum are implicated, especially in the intact system where there afferent fibers are not severed. Several studies have addressed the role of α6*-nAChRs in ethanol consumption and reward. Kamens et al. reported that six KO mice did not differ from WTs in two bottle choice ethanol consumption (Kamens et al. 2012) . Powers et al. (2013) have assessed the role of α6*-nAChRs in modulating alcohol reward using transgenic mice expressing mutant, hypersensitive α6*-nAChR subunits. Transgenic α6 mice showed significantly higher alcohol intake at low concentrations of alcohol (3 and 6 percent) in the two bottle choice procedure, drank more in the drink-in-the-dark procedure and exhibited preference to low doses of alcohol (0.5 g/kg, data not shown) in the CPP paradigm. Our behavioral CPP studies showed that WT and KO mice did not differ in preference at lower doses of ethanol (0.1 and 0.5 g/kg), but differed significantly at the 2.0 g/kg level, suggesting that α6*-nAChRs mediate ethanol reward in mice, at least at moderately intoxicating levels of ethanol, wherein similar ethanolinduced locomotor effects were found. This is vital, as it shows that α6*-nAChRs are involved in the process of dependence and its accompanying behaviors, rather than the many physiological influences, such as ataxia, that ethanol can have on the brain other than addiction. Contrary to our findings, Guildford et al. (2016) recently reported that α6 KO mice demonstrate an ethanol CPP (2 g/kg IP) that is similar in magnitude to that of WTs. However, at a conditioning dose of 3 g/kg, CPP was absent in α6 KO mice, as was observed with the 2 g/kg dose in our study. While both the present study and that by Guildford and colleagues used KO mice on a C57BL/6J background in a biased CPP design, there are several procedural differences that may account for the differences. For example, in the present study, we utilized a twochamber apparatus and conditioning sessions that were 20 minute duration, while Guildford et al. utilized a three-chambered compartment with a neutral central compartment, and conditioning session durations were 5 minutes. It is possible that the longer conditioning session duration used in the present study allowed for increased associations between the effects of ethanol and the environmental context, and increased doses of ethanol (e.g., 3 g/kg) were necessary to produce genotypic differences in the shorter conditioning sessions in the Guildford et al. study. We show clear ambulatory reductions by ethanol during the 20 minute conditioning sessions that were not experienced by the animals in the 5 minute conditioning sessions in the Guildford et al. study. Thus, there were profound contextual differences in the two studies.
In conclusion, α6*-nAChRs appear to be sensitive substrates for low-dose ethanol effects on VTA GABA neurons and reward. Owing to their sensitivity to ethanol, electrical network connectivity, widespread projection to the limbic system, and wide bandwidth, VTA GABA neurons are in a critical position to modulate DA psychomotor output as integrators of convergent information from sensory, cortical and limbic areas subserving reinforcing behaviors. Studies are ongoing in recombinant nAChR expression systems to address if α6*-nAChRs are a direct molecular target for ethanol.
